ABSTRACT: To better understand how densitydependent growth of ocean-dwelling Pacific salmon varied with climate and population dynamics, we examined the marine growth of sockeye salmon Oncorhynchus nerka in relation to an index of sockeye salmon abundances among climate regimes, population abundances, and body sizes under varied lifehistory stages, from 1925 to 1998, using ordinary least squares and multivariate adaptive regression spline threshold models. The annual marine growth and body size during the juvenile, immature, and maturing life stages were estimated from growth pattern increments on the scales of adult age 2.2 sockeye salmon that returned to spawn at Karluk River and Lake on Kodiak Island, Alaska. Intra-specific density-dependent growth was inferred from inverse relationships between growth and sockeye salmon abundance based on commercial harvest. Density-dependent growth occurred in all marine life stages, during the cool regime, at lower abundance levels, and at smaller body sizes at the start of the juvenile life stage. The finding that density dependence occurred during the cool regime and at low population abundances suggests that a shift to a cool regime or extreme warm regime at higher population abundances could further reduce the marine growth of salmon and increase competition for resources. 
INTRODUCTION
In the last quarter of the 20th century, considerable research was conducted to assess the effects of climatic and oceanic variations on production and yield of salmonid fishes. Although studies earlier in the century had focused on dominant freshwater factors (Neave 1949 , Shapovalov & Taft 1954 , the broad climatic and oceanic factors had been inadequately considered (Ricker 1976) . In the later part of the century, yield and survival rates of Pacific salmon Oncorhynchus spp.
were linked to fluctuations in regional climate and basin-scale variations in ocean conditions (Royal & Tully 1961 , Cushing 1971 , Scarnecchia 1981 , Beamish & Bouillon 1993 , Mueter et al. 2005 . Climatic and oceanic variations have also been associated with fluctuations in Atlantic salmon Salmo salar abundance and catches in Iceland (Scarnecchia 1984 , Scarnecchia et al. 1989 ), Ireland (Boylan & Adams 2006) , and Norway and Scotland (Friedland et al. 2000) .
During the 20th century, climatic and oceanic conditions in the North Pacific have undergone large fluctuations, with 2 distinct warm regimes (1925 to 1946 and 1977 to 1998) and a cool regime (1947 to 1976) (Mantua & Hare 2002) . Warm regimes were characterized by a deepening and eastward shift in the Aleutian Low Pressure cell, increased winter storm activity, increased atmospheric circulation, below normal seasurface temperatures (SSTs), increased upwelling of nutrient-rich waters in the central North Pacific Ocean; above normal SSTs, higher precipitation, weaker downwelling in the coastal Gulf of Alaska; and weaker upwelling in coastal waters off the continental United States. The cool regime was characterized by the opposite conditions (Trenberth & Hurrell 1994) .
Climate and oceanic variations have been linked to concurrent variations in Pacific salmon production. Cool regimes, in part due to increased coastal upwelling of nutrient-rich, cooler waters, favor salmon production in Washington and Oregon (Scarnecchia 1981) , whereas warm regimes favor salmon production in Alaska (Eggers et al. 2003) . For example, Alaska salmon stocks fluctuated in phase with decadal scale fluctuations in North Pacific Ocean SSTs at a 1 yr lag for pink salmon Oncorhynchus gorbuscha and at 2 and 3 yr lags for sockeye salmon O. nerka, indicating that warming and water column stability during the first year at sea is important in determining survival (Mantua et al. 1997) .
Shifts in non-salmonid dynamics also coincided with the 1976 to 1977 climatic and oceanic shift. Off the west coast of the continental United States, mackerel Scomber australasicus and chum salmon Oncorhynchus keta populations increased, while sockeye, pink, coho O. kisutch, and Chinook salmon O. tshawytscha, Pacific ocean perch Sebastes alutus, several rockfish species (Sebastes pinniger, S. paucispinis S. flavidus), dover sole Microstomus pacificus, sablefish Anoplopoma fimbria, and Greenland turbot Reinhardtius hippoglossoides populations declined (Hare & Mantua 2000 , Lees et al. 2006 ). In the Gulf of Alaska, species composition shifted from shrimp to salmonids and flatfish such as halibut Hippoglossus hippoglossus and arrowtooth flounder Atheresthes stomias (Hare & Mantua 2000) . In the Bering Sea, a reduction in the extent of sea-ice cover in the spring and zooplankton biomass coincided with a shift from benthic species such as Pacific ocean perch, yellowfin sole Limanda aspera, Greenland turbot, Alaska plaice Pleuronectes quadrituberculatus, Stellar sea lions Eumetopias jubatus, northern fur seals Callorhinus ursinus, and harbor seals Phoca vitulina to pelagic species such as jellyfish of the class Scyphozoa, walleye pollock Theragra chalcogramma, Pacific herring Clupea pallasii, and Pacific salmon (Manak & Mysak 1987 , Pitcher 1990 , Trites 1992 , Trites & Larkin 1996 , Brodeur et al. 1999 , Hare & Mantua 2000 .
Several studies also support the notion that climatic and oceanic conditions can affect salmon-carrying capacity (Myers et al. 2001 , Kaeriyama et al. 2007 ), manifested as density-dependent survival and growth responses to food resource limitations (Salo 1988 , Fukuwaka & Suzuki 2000 . From the mid-1970s to the mid-1990s, increases in overall salmon production coincided with decreased growth, decreased size at maturity, and increased age at maturity of many North American salmon populations (Ishida et al. 1993 , Helle & Hoffman 1995 , Bigler et al. 1996 ). An increase in ocean-carrying capacity in the 1990s was hypothesized, based on the observation of increases in the body size of salmon at maturity during high population levels from Oregon north to western Alaska ). Climatic and oceanic variations can also potentially influence density-dependent competition by altering salmon distribution (Rogers 1980) , changing the latitudinal boundary of the summer feeding zones (Aydin et al. 2000) , and increasing overlap in the diets of sockeye, pink, chum, and coho salmon (Kaeriyama et al. 2004) .
The potential for intra-and inter-specific competition among Pacific salmon stems from their high degree of overlap in distribution and feeding in the marine environment. Juvenile Pacific salmon are distributed across coastal continental shelf waters during the summer growing season (Myers et al. 1996) . In the Central North Pacific Ocean, immature sockeye salmon from central and southern Alaska are distributed and feed with other salmon from North America and Asia (Kaeriyama et al. 2004) . Maturing sockeye salmon from southern Alaska are distributed more eastward and feed primarily with immature and maturing salmon in offshore waters, and with juvenile salmon in coastal waters as they return to their natal streams to spawn (Myers et al. 1996 , Kaeriyama et al. 2004 .
We examined changes in the density-dependent growth of sockeye salmon in relation to climate regimes, population abundance, and body size by lifehistory stages, from the mid-1920s to the late 1990s, using linear and threshold modeling techniques. We hypothesized that the marine growth of sockeye salmon will relate inversely to the abundance of sockeye salmon, an indicator for density-dependent growth, at the higher population abundances associated with warm regimes. We correlated the increments of annual marine growth patterns on the scales of adult sockeye salmon Oncorhynchus nerka that returned to the Karluk River, Kodiak Island, Alaska, with the marine abundance of sockeye salmon (as indicated by harvest statistics) in central and southeast Alaska over a 74 yr period. Understanding factors that cause variation in density-dependent interactions among fish in the marine environment will provide insight into the influence of climate change on the carrying capacity for fishes in the North Pacific Ocean.
MATERIALS AND METHODS
Although direct fish length information was not available from salmon collected at sea, scales had been collected over the period from 1925 to 2000 (with 7 yr of missing data : 1945, 1947, 1958, 1965, 1966, 1969, and 1979 ) from the age 2.2 sockeye Oncorhynchus nerka that returned to Karluk Lake on Kodiak Island, Alaska. Age was designated using the decimal method whereby the number to the left of the decimal is the number of winters spent in freshwater after emergence from the gravel and the number to the right of the decimal is the number of winters spent in saltwater (Koo 1962) . For example, age 2.2 represented a 5 yr old fish. Marine growth was estimated indirectly from growth pattern measurements on the scale.
Scale samples and preparation. For each year, between 30 and 50 scales were selected at equal time intervals throughout the collection period from the early run (May 1 to July 21) spawning migration. From historical records, scales had been taken from the sockeye at a few rows above the lateral line and below the posterior insertion of the dorsal fin using a scrape (1925 to 1951) or forceps (1952 to 1998) method and assumed low variability in the body location sampled for scales among years (Clutter & Whitesel 1956 , Scarnecchia 1979 . One scale per fish had been placed onto gummed cards with the reticulated side facing away from the card and impressed onto an acetate card using a hydraulic press at 100°C and 224 psi for 3 min (Arnold 1951).
Scale impressions were viewed and scanned using an Indus microfiche reader Model 4601-11 with a 24× objective lens. Images of scales were copied from the reader screen with the Screenscan Microfiche PC Model high-resolution scanner hardware and saved as tiff files using the ScreenScan Application software, Version 1.00.0.8. Images were then imported into the Optimate image analysis software for measuring.
Fish scale measurements. In using fish scale measurements to estimate marine growth of salmon, we assumed that: (1) growth along a specified radius of the scale was proportional to the growth in fish length (Dahl 1909) and (2) the distance between adjacent annuli on a scale depicted 1 yr of somatic growth (Fukuwaka & Kaeriyama 1997) .
Scales were read for age and measured by the senior author. Fish scale measurements (mm) were taken along a consistent reference line drawn from the focus to the edge of the scale along the longest anterior radial axis (Narver 1968) to reduce variation in measurements among radial axes (Martinson et. al 2000) . Measurements were adjusted to the original fish scale size by dividing by 24. One scale was measured per fish for up to 50 scales yr -1 (N = 69 yr) for a total of 3116 scales.
Growth during each year of marine residence was estimated from the measured distances between adjacent annuli on the fish scale image (Fig. 1) . Smolt size or total freshwater growth (FW), an indicator for body length at the start of the first marine year as juveniles, was estimated as the distance from the center of the focus to the center of the space between the last freshwater circulus and the first marine circulus. Juvenile growth in the first marine year (M1) was estimated as the distance from the space between the last freshwater circulus and first marine circulus to the leading edge of the first marine annulus. Immature growth (M2) in the second marine year was estimated as the distance from the leading edge of the first marine annulus and the leading edge of the second marine annulus. Maturing growth (M3) in the third marine year was estimated as the distance from the leading edge of the second marine annulus to the outer edge of the scale. Scales with reabsorbed edges and evidence of being regenerated were not measured. Mean values for M1, M2, and M3 growth were calculated for each brood. Mean growth for the 7 yr of missing scale data was estimated as points along a local ordinary leastsquared smoothing line fit to the data to satisfy the statistical analysis requirement of a complete time series. Because body size at the start of the growing season may influence growth, we also calculated mean values for the scale radius at the start of the juvenile (FW t ), immature (L1 t = FW t-1 + M1 t-1 ), and maturing (L2 t = FW t-2 + M1 t-2 + M2 t-1 ) life stages. Mean values of specified scale growth measurements were calculated by brood year and compared among broods to assess inter-annual variation in growth by age group and stock.
Salmon abundance estimates. Information on salmon biomass was unavailable, as was information on the abundance, biomass, or catch per unit effort of juvenile, immature, and maturing salmon in the ocean. Therefore, the index of sockeye salmon abundance (SSA index) by cohort was based on estimates of commercial harvest (number of fish per year) in central and southeast Alaska management regions (Eggers et al. 2003) . The central Alaska region included areas from Cape Suckling to Unimak Pass; the southeast Alaska region included areas from British Columbia to Cape Suckling. In using commercial harvest to estimate salmon abundance, we could not account for interannual variation in exploitation rate, management, marine mortality rates, or sport and subsistence fisheries.
Marine growth versus salmon abundance. It was hypothesized that intra-specific density-dependent growth would be manifested as negative relationships between the estimated marine growth based on fish scale measurements (M1 to M3) and the SSA index lagged to the growth year of the cohort. Juvenile growth (M1) in year t was related to the number of maturing sockeye salmon caught in the fishery in year t + 2 (SSAM1), the abundance index for the juvenile sockeye in year t. Immature growth (M2) in year t was related to the number of maturing sockeye captured in the fishery in year t + 1 (SSAM2), the abundance index for immature sockeye salmon in year t. Maturing growth (M3) in year t was related to the number of maturing sockeye captured in the fishery in year t (SSAM3), the abundance index for maturing sockeye salmon in year t. Means, standard deviation, and range of growth and abundance variables are summarized in Table 1 .
Two-way scatter plots and line plots between scale growth (dependent variable) and sockeye salmon abundance indices (independent variable) were created for M1 versus SSAM1, M2 versus SSAM2, and M3 versus SSAM3 (Figs. 2 & 3) . Plots were examined for negative growth-abundance relationships and changes in relationships associated with the 3 North Pacific Ocean climatic and oceanic regimes (i.e. early warm [1925 to 1946], cool [1947 to 1976] , and the late warm [1977 to 1998 ] regimes). Climate-oceanic regime was included as a categorical variable (called SHIFT) in the models to test whether a change occurred in the growth-abundance relationship associated with the regime shift. To verify the presence of the regime shift we substituted YEAR for SHIFT and allowed the model to automatically detect changes in the relationships between growth and predictor variables.
Statistical analyses. To describe density-dependent growth of Karluk sockeye salmon during each marine life-history stage we used 2 statistical methods: ordinary least squares (OLS) and multivariate adaptive regression spline (MARS) (Friedman 1991 , Lewis & Stevens 1991 . First, the relationship between fish scale growth and population abundance was explored for each regime using the OLS model. Then, in both methods, individual models for the growth of the fish as juvenile (M1), immature (M2), and maturing (M3) individuals were described as a function of: (1) the 1976 to 1977 ocean regime shift (SHIFT), (2) the growth at lag year 1 (M1{1}, M2{1}, M3{1}) and growth at lag year 2 (M1{2}, M2{2}, M3{2}), (3) body length at the start of the growing season (FW, L1, L2), and (4) the sockeye salmon abundance index (SSAM1, SSAM2, SSAM3) (Table 1 ). Growth at lag years 1 and 2 may represent environmental variation, unknown processes, and/or an interaction with a species having a 2 yr abundance cycle (Ruggerone et al. 2003) . Density-dependence was inferred from negative relationships between growth and population abundance.
The OLS model y = ƒ(x 1 , x 2 ,…,x k ), where y was the dependent variable and x i , i = 1,…,k were the independent variables, assumed that all relationships are linear and that all variables are in the model for every period. The estimated coefficient for the ith input variable x i in a model y = β 0 + β 1 x 1 + β k x k +…+ β k x k + e measured the unit change of that input variable in explaining a change in the dependent variable y and whether the input variable was positively related or negatively related to the dependent variable. The statistical significance of the estimated coefficient was measured using the t-value β k / SE (β k ). Values >1.7 were considered significant. Some important restrictions of OLS include: (1) that the relationship, if found, was always present; (2) the relationship was always the same size for a 1 unit change in the independent variable; and (3) unless the independent variable was transformed it was not related to other independent variables.
The MARS technique allowed testing and relaxing of the restrictive assumptions of the OLS method. The MARS model y = ƒ(x) allowed the possibility that the relationship of x on y could be impacted by an unknown threshold τ* which alters the relationship (Friedman Sockeye salmon abundance index , and maturing (M3) marine growth of the age 2.2 sockeye salmon (based on fish scale measurements) returning to Karluk Lake, Alaska, in relation to the index for the abundance of juvenile (SSAM1), immature (SSAM2), and maturing (SSAM3) of sockeye salmon from central and southeast Alaska, 1925 Alaska, to 1998 1991, Lewis & Stevens 1991) . For example, for a threshold value of 100, 2 expressions may apply:
In terms of the MARS notation, Eq. (1) can be written as:
where e is the residual of the model, τ* = 100 in the population but is estimated by MARS for the sample. 
The model was interpreted as 3 nested models depending on the values of x and z as follows:
Model results reported as (
OLS models are the usual way that an analysis such as this might be attempted. OLS represents a good 'first cut' at modeling a relationship, but makes a number of assumptions that can profitably be investigated. The first and foremost assumption is the linearity of the coefficients. A model y = a + b × x + e assumes that no matter what the level of x, the relationship remains fixed. MARS models include OLS models as special cases but allow the OLS model assumptions to be relaxed in a number of ways. First, MARS models can detect and estimate thresholds. Variables may not impact the left-hand side if they are above or below an estimated value to be determined by the model. By graphing when the right-hand-side variables play a role in the prediction of y by time, as we later show, we can obtain interesting insight into the dynamics of a timeseries relationship that is hidden inside the OLS model specification. MARS models are of the shrinkage class, in that variables may not stay in the analysis or might be found to only enter as interaction terms. To see the gains from MARS models it is first important to estimate and report OLS models to serve as a base case.
To show the exact years in which the dependent variables added to the prediction of the growth variables y (M1, M2, M3), we presented line plots of the transformed vectors. For each plot, the effect of the predictor variables on M1, M2, and M3 growth in millimeters was interpreted as the coefficient of the model multiplied by the value on the y-axis. The direction of , 1925 to 1998: 1925 to 1946 warm (d), 1947 to 1976 cool (s), and 1977 to 1998 warm (z) the relationship between the predictor and dependent variable was interpreted as the product of signs of the coefficient and the value. Finally, the overall MARS model results for the relationship between marine growth and sockeye salmon abundance were plotted to examine the overall density-dependent relationship. Three-dimensional plots were used to represent the growth-abundance term with 1 interaction variable and other variables held constant. For MARS estimation, the B34S Software Version 8.11D, which uses the GPL MarsSpline software library developed by Hastie & Tribshirani (1986 , 1990 for R, was employed. Stokes (1997) is a basic published reference for B34S, and in Chapter 14 it covers MARS estimation in some detail. The MarsSpline GPL library, distributed with R, is distinct from and is an alternative to the proprietary MARS software initially developed by Friedman (1991) . A number of figures were produced using the RATS Version 7.0 software developed by Estima (Doan 2007a,b) . Figs. 2 & 3 suggested that marine growth as indicated by fish scale measurements was negatively and positively related to the sockeye salmon abundance index. Three clusters in the growth-abundance relationships of Oncorhynchus nerka were observed, but the strongest separation was at the 1976 to 1977 climateoceanic regime shift (Fig. 3) . M1 declined for the combined 1925 to 1946 and 1947 to 1976 regimes as sockeye salmon abundance increased from 2 million to 10 million, and was high as sockeye salmon abundances increased for the 1977 to 1998 regime (Fig. 3a) . M2 was not related to SSAM2 prior to 1977, but M2 increased as SSAM2 increased for the 1977 to 1998 regime (Fig. 3b) . M3 showed a similar pattern as M1 (Fig. 3c) .
RESULTS

Inspection of
These general visual impressions were tested statistically using simplified OLS models ( Table 2 ). The coefficient for SSAM1 for the M1 model in the 1925 to 1946 regime was negative (-0.0117) and significant (t = -2.48), supporting our contention that M1 declined in the early warm regime. In the cool 1947 to 1976 regime, the coefficient was not significant. However, for the longer period from 1925 to 1976, the coefficient was more negative (-0.0146) and significant (t = -5.05) compared to that from 1925 to 1946. For the M2 models, only in the later 1977 to 1998 regime was the coefficient (0.0083) significant (t = 3.21). For the M3 models, the slope was not significant for the 1925 to 1946 regime, but was significant (-0.152) and negative (t = -2.48) in the 1947 to 1976 cool regime. When we combined the data, the 1925 to 1976 period was more significant (coefficient = -0.1036) and negative (t = -5.17) than the cool regime alone. For the 1977 to 1998 regime, the coefficient was also negative (-0.0089) and significant (t = -4.80).
It should be stressed that the simple OLS models are only to be used to summarize the graphs in a statistical sense (Table 2) . These support our contention in breaking the analysis into 2 specific regimes (1925 to 1976 and 1977 to 1998 ) rather than attempting a 3 regime model. Evidence for this model parameterization is contained in the MARS models.
Juvenile growth models
OLS model
Juvenile growth (M1) was negatively associated with the juvenile sockeye salmon abundance index (SSAM1), and positively associated with the 1976 to 1977 regime shift and M1 at lag yr 2 (SSR = 0.157) in the OLS model (Table 3) . Non-significant variables in- cluded M1 at lag yr 1 and smolt size (FW) ( Table 3) . The model explained 37% of the variation in M1.
MARS model
Juvenile growth (M1) was significantly related to juvenile sockeye abundance (SSAM1), smolt size (FW), and M1 at lag yr 1 and 2 (M1{1}, M1{2}), but not to the 1976 to 1977 regime shift (Table 4) . In comparison to the OLS model, the sum of squares was reduced from 0.157 to 0.114 and the MARS model explained an additional 21% of the variation in M1 (R 2 = 0.58) ( Table 5 ). Unlike OLS, where all vectors are constant and active in the equation over the time, for the MARS model the number of active vectors was from 1 to 6 and the variables varied over time in the equation (Fig. 4) . M1 was more related to predictors from 1925 to 1973 than from 1974 to 1998. Replacing YEAR for SHIFT resulted in no significant change in the M1 versus SSAM1 relationship over time, but did result in a positive shift in M1 in 1980.
The activity and magnitude of the effect of the predictors on growth varied over time (Figs. 5 to 7) . During the early warm regime and in odd-numbered years, M1 was reduced (t = -6.19) when M1 at lag yr 2, M1{2}, decreased below the threshold of 1.078 mm (Fig. 5a) . During the cool regime, M1 increased (t = 2.19) due to a decrease in M1{2} and/or a decrease in SSAM1 below 6.0 million, and was strongest in 1955, 1958, 1967, 1969, 1971, and 1973 (Fig. 5b) . From 1925 to 1940, M1 was reduced (t = -3.20) when M1{2} was decreasing below 1.078 and smolts were large (FW > 0.659) (Fig. 5c) . During the early warm regime, M1 (t = 3.64) increased when M1 at lag yr 1 and 2 were decreasing from average to below average in 1928, 1930, 1932 to 1935, 1938, 1940 to 1944, and 1954 (Fig. 5d) . During the same period, and to a lesser magnitude, M1 was reduced (t = -3.39) when M1 at lag yr 1 was decreasing M1{1} ≤ 1.015 (Fig. 5e) . During the cool regime, M1 decreased when smolts (FW) were small and decreasing, and SSAM1 decreased below 4.9 in 1953, 1956, 1962, 1971, and 1972 (Fig. 5f ).
Immature growth models
OLS model
Immature growth (M2) was positively associated with the 1976 to 1977 regime shift and the immature sockeye salmon abundance index (SSAM2), but not related to the growth lags (M2{1}, M2{2}) or size at the start of the immature growing season (L1) ( Table 3) . The predictors explained 38% of the variation in M2 with a sum of squares = 0.188 (Table 3) .
MARS model
In the MARS model, immature growth was significantly related to the 1976-77 regime shift (SHIFT), immature sockeye salmon abundance index (SSAM2), growth at lag yr 1 (M2{1}, growth at lag yr 2 (M1{2}) and size at the start of the growing season (L1) ( Table 4) . When a MARS model was estimated, the sum of squares fell to 0.144 and the additional variables, length at the start of the growing season (L1) and M2 at lag yr 1 and 2, entered into the model ( creased below a threshold of 6.0 million (Fig. 6a) . At the time of the 1976 to 1977 regime shift, there was a 5.7% significant (t = 2.15) increase in M2 (Fig. 6b) . M2 was most significantly increased (t = 4.28) as SSAM2 increased above 4.6 million in 54 yr during warm regimes and was twice as strong in 1977 to 1998 warm regime than the 1925 to 1946 warm regime (Fig. 6c) . In odd-numbered years during the late warm regime, M2 growth was reduced (t = -3.10) as M2 at lag yr 1 was high and increasing above 0.8208 mm (Fig. 6d) . In 1942 In , 1954 In , 1963 In , and 1972 was reduced (t = -3.04), as M2 at lag yr 1 decreased and/or the size at the start of the growing season (L1) decreased below a smaller threshold size (1.663 mm) (Fig. 6e) . Replacing YEAR for SHIFT resulted in a significant change to a positive M2 versus SSAM2 relationship in 1968 and a weak change to a negative relationship in 1980. Shifts in M2 occurred in 1950 (-) and 1956 (+).
Maturing growth models
OLS model
Maturing growth (M3) was negatively related to sockeye salmon abundance (SSAM3), and positively related to the 1976 to 1977 regime shift and M3 at lag yr 1, but not related to body size at the start of the marine growing season (L2) or M3 at lag yr 1 and 2 (Table 3 ) (SSR = 0.0869). The model explained 61% of the variation in M3.
MARS model
Maturing growth (M3) was associated with sockeye salmon abundance (SSAM3) and M3 at lag yr 1 and 2, but not with the 1976 to 1977 warm regime or size at the start of the marine growing season (L2) ( Table 4) . In the MARS model the residual sum of squares fell to 0.075 from 0.087 of the OLS model explaining 61% of the variation in M3 (Tables 4 & 5 ). More importantly, the insignificant variable M3{2} in the OLS model became significant (t = 3.57) when it became part of an interaction with M3{1}. From the mid-1950s to the mid1980s, M3 increased (t = 6.16) when M3 at lag yr 1 was higher than average and increasing (Fig. 7a) . As found Table 4 M1 equation -juvenile growth 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 -0.932 x max(1.078 -M1{2}, 0.0) 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.000 0.075 0.150 0.240 x max(1.078 -M1{2}, 0.0) x max( 6.0 -SSAM1{0}, 0.0) 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.00 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.0000 0.0075 0.0150 21.96 x max(1.015 -M1{1}, 0.0) x max(1.078 -M1{2}, 0.0) 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.000 0.006 0.012 -1.72 x max(1.015 -M1{1}, 0.0) 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.00 0.04 0.08 -1.23 x max(.621 -FW{0}, 0.0) x max(4.9 -SSAM1{0}, 0.0) 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.00 Table 4 . The magnitude of the effect on scale growth can be calculated as the coefficient multiplied by the value on the y-axis. Numbers in the titles for each graph are rounded values taken from the models reported in Table 4 with M2, in 35 yr, primarily during the cool regime, M3 increased (t = 4.40) when SSAM3 decreased below 6.8 million (Fig. 7b) . M3 was significantly reduced (t = -4.50) when M3 at lag yr 1 and 2 were increasing in 16 yr between 1964 and 1985, especially in 1963, 1964 or 1963-64, 1970, 1975, and 1985 (Fig. 7c) . For a similar period as that in the previous interaction term, there was a less significant increase in M3 (t = 4.17) (Fig. 7d) . In 13 yr (1944, in even-numbered years from 1950 to 1962, and in 1969, 1974, 1980, 1990, and 1996) , M3 was reduced (t = -4.10) when M3 at lag yr 1 was high and decreasing below 0.366 and M3 at lag 2 was increasing above 0.327 (Fig. 7e) . Finally, a lesser increase (t = 3.57) in M3, during years similar to those in the previous model period, occurred when the M3 at lag yr 1 was increasing from low to high growth and decreasing from high to low for M3 at lag yr 2 (Fig. 7f) .
Year
Replacing YEAR for SHIFT resulted in no significant change in the M3 versus SSAM3 relationship over time, but did result in a positive shift in M3 in 1974.
Overall MARS results
In the overall MARS models, sockeye salmon marine growth was negatively related to salmon abundance at lower abundances associated with the cool regime (Figs. 8 to 10 ). Juvenile growth (M1) decreased from high to low growth as juvenile sockeye salmon abundance (SSAM1) increased from 0 to 4.9 million (Fig. 8) . M1 was further reduced as smolt size decreased below average and as SSAM1 decreased from 4.9 million to 0 fish (Fig. 8) . Immature growth (M2) decreased as immature sockeye salmon abundance (SSAM2) increased from 0 to 6.0 million, whereas, when M2 of the previous cohort was high, there was a decrease in the magnitude of the reduction in M2 in relation to SSAM2 (Fig. 9) . M2 increased as SSAM2 increased from 6.0 million to 22 million associated with warm regimes. Maturing growth (M3) decreased from high to average growth as maturing sockeye salmon abundance (SSAM3) increased from 0 to 6.8 million fish, and M3 11 0.0166 x max(6.0 -SSAM2{0}, 0.0) 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.000 1927 1930 1933 1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 0.000 Table 4 . The magnitude of the effect on scale growth can be calculated as the coefficient multiplied by the value on the y-axis.
Numbers in the titles for each graph are rounded values taken from the models reported in Table 4 remained constant at higher abundances associated with cool regimes (Fig. 10) . Both M3 at lag yr 1 and 2 had positive effects on M3 when > 0.35 mm, while M3 lag 2 had a negative effect on M3 when < 0.35 mm.
DISCUSSION
Density-dependent growth of ocean-dwelling salmon has been documented in correlation analyses of growth and abundance from the 1950s to the 2000s , Mathisen et al. 2007 ). In the present study, we examined the relationship between growth and abundance of Alaska sockeye salmon Oncorhynchus nerka from the mid-1920s to the late 1990s to deduce how density-dependent growth varied with climate regimes, population abundance, and body size. The MARS analysis allowed us to examine both the magnitude and dynamics of the growth and abundance relationship over time without having to impose the linearity assumptions implicit in the OLS method of analysis. Our primary findings were that intra-specific density-dependent growth of Karluk sockeye salmon occurred in all marine life stages, during the cool regime, at lower abundance levels, and at smaller sizes at the start of the juvenile stage.
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Value
Year
Numbers in the titles for each graph are rounded values taken from the models reported in Table 4 ciency (fish/gear) of purse seine and gillnets fished from a vessel, and large traps at mouths of bays and along shore was high from 1925 to 1950 and low from 1950 to 1970 and supports harvest as a proxy for abundance as indicated from catch rate (Colt 1999 (Mundy et al. 1993 ) support using harvest as a proxy for abundance. In the 1990s, farmed salmon increased in market appeal to Japan and Canada and this change could have reduced catch of wild salmon and underestimated densitydependence during the 1977 to 1998 warm regime.
Life-history stage and density dependence
All marine life stages of Karluk sockeye salmon experienced density-dependent growth as inferred from inverse relationships between marine growth and sockeye salmon abundance. The magnitude of the density dependence increased with life stage. As sockeye salmon abundance increased from 2 to 6 million, the scale growth was reduced by 1% in the juvenile, 5 to 7% in the immature, and 20% in the maturing stage (Figs. 8 to 10 ). Several factors may increase the detection of density dependence through the life cycle. First, measuring the past growth histories on the scales of surviving adults does not include the density dependence experienced by non-survivors. Alternatively, maturing sockeye migrate through multiple marine habitats en route from oceanic water to their natal stream and may experience a wider range of habitats, prey fields, and com-13 Fig. 8 . Oncorhynchus nerka. Juvenile growth (M1) of age 2.2 sockeye salmon that returned to Karluk Lake, Alaska, in relation to the index of abundance for juvenile sockeye salmon from south central and southeast Alaska (SSAM1) and smolt size (FW).
Models are in Table 4 . Colors signify height of surface as indicated by z-axis petitors than juveniles in continental shelf waters and immature sockeye in oceanic waters.
Climate-oceanic regimes and density dependence
The negative correlations between marine growth and salmon abundance during the cool regime in contrast to the positive correlation or lack of correlation between growth and abundance during the warm regimes suggests that density dependence was stronger during the cool regime than during the warm regimes. The warm regime climatic and oceanic conditions that favored the survival of Pacific salmon (Beamish & Bouillon 1993) may have offset the densitydependent effects of higher sockeye salmon abundance. Alternatively, a 50% reduction in the abundance of piscivorous birds that fed on schooling fish in the Gulf of Alaska between 1972 and 1989 (Agler et al. 1999 led to an increase in forage fish abundances that provided competitors with alternatives to the preferred prey of sockeye. Cool regime conditions of low primary production (Venrick et al. 1987) could have reduced prey quality and quantity and increased competition for food among salmon. Additionally, if size-dependent mortality is severe during the cool, high-mortality regime, then a large number of larger and faster growing salmon, as indicated by the higher M1 and M3 scale growth in the cool regime, could have returned to the rivers (Farley et al. 2007) . Results indicate that a scenario of higher abundances during a cool regime or excessively warm regime would result in a stronger density-dependent reduction in the marine growth of Alaska sockeye salmon.
Salmon abundance and density dependence
The negative growth and abundance correlations at a threshold of < 6.0 million sockeye indicated that den-14 Fig. 9 . Oncorhynchus nerka. Immature growth (M2) of age 2.2 sockeye salmon that returned to Karluk Lake, Alaska, in relation to the index of abundance for immature sockeye salmon from south central and southeast Alaska (SSAM2) and M2 of the 2 prior cohorts (t-1, t-2). Models are in Table 4 . x-and z-axes are scaled by 100. Colors: height of surface as indicated by z-axis sity-dependent growth occurred at low population densities. Stream-dwelling salmonids often exhibit density-dependent growth at lower population densities (Jenkins et al. 1999) . Competitors may deplete food resources by exploitative competition (Grant & Imre 2005) . Alternatively, the lack of observed densitydependence at higher abundance levels may be explained by interference competition, where a competitor blocks access to a food resource by increasing mortality or emigration and, in turn, reduces detection of density-dependent growth (Grant & Kramer 1990) .
Body size and density dependence
Smaller body size at the start of the juvenile growing season that interacted with the index of juvenile sockeye salmon abundance suggested that smaller size at the time of marine entry increases intra-specific competition among juvenile sockeye salmon. The reduction in juvenile growth occurred when smolts were in the lower 25% size range and in years (1953, 1956, 1962, 1971 to 1972) of colder than average SST north of 20°N in the Pacific Ocean (Mantua et al. 1997) . Following the cohort into an immature growing season showed that the smaller size and reduced juvenile growth transferred into reduced immature growth in 1954, 1963, and 1972 (Fig. 6e) . Larger sockeye salmon may feed on higher quality and larger prey and thus gain a competitive advantage over smaller fish (Davis 2003) .
Alternate year patterns in growth
The alternate year pattern of high and low growth suggests that growth is related to a process with a 2 yr cycle. Possible explanations include interaction with a species with a 2 yr generation cycle such as pink salmon and or a physical oceanographic condition. For 15 Fig. 10 . Oncorhynchus nerka. Maturing growth (M3) of age 2.2 sockeye salmon that returned to Karluk Lake, Alaska, in relation to the index of abundance for maturing sockeye salmon from central and southeast Alaska (SSAM3) and M3 of the 2 prior cohorts (t-1, t-2). Models are in Table 4 . x-and z-axes are scaled by 100. Colors: height of surface as indicated by z-axis example, higher densities of the age 0.1 maturing pink salmon in odd-numbered years, in comparison to lower densities in even-numbered years, corresponded with slower growth rates of coho salmon in the western North Pacific Ocean, smaller body sizes of pink salmon in the central North Pacific Ocean, lower growth of Russian sockeye salmon, and reduced second-and third-year scale growth of adult sockeye that returned to Bristol Bay in western Alaska (Ogura et al. 1991 , Walker 1998 , Bugaev et al. 2001 , Ruggerone et al. 2003 .
The alternate year pattern of lower juvenile growth in the odd-numbered years 1929 to 1949 , 1967 to 1973 , and 1989 , and 1995 , and in the even-numbered years 1950 to 1964 and 1992 ) corresponded with higher harvests of maturing pink salmon in the Kodiak management region near the Karluk River system in odd-numbered years from 1927 to the mid-1940s and in even-numbered years from 1954 to 1966. Although the diets of juvenile sockeye and pink salmon in coastal waters of the Gulf of Alaska overlapped from 25 to 79%, the authors found no evidence of food limitations in 1996 (Auburn & Ignell 2000) . We hypothesize that sockeye salmon smolts out-migrating from the Karluk Lake into the Gulf of Alaska may compete for food with the maturing pink salmon returning to central Alaska rather than juvenile pink salmon. Maturing pink salmon feed on similar prey as do juvenile pink salmon, but consume larger sized prey, similar to juvenile sockeye (Auburn & Ignell 2000 , Davis 2003 .
The lower immature growth in odd-numbered years than in even-numbered years from 1987 to 1997 (Fig. 6d) corresponded with higher densities of chum and pink salmon captured in gillnet surveys in the central Pacific Ocean in odd-numbered years from 1987 to 1997 (Azumaya & Ishida 2000) . At higher pink salmon abundances, immature chum salmon switched from eating higher quality crustacean and squid, preferred by sockeye and pink salmon, to eating lower quality gelatinous zooplankton in the North Pacific Ocean (Davis 2003) . During odd-numbered years, immature and maturing sockeye salmon fed on 53% less of high-quality prey (euphausiids, copepods, squid, and fish) and 36% more of lower quality prey (pteropods and amphipods) in the central Bering Sea (Davis 2003) .
Alternatively, a 2 yr cycle in the latitudinal position of the Sub-Arctic Current also corresponded with lower immature growth in odd-numbered years. In the 1994 to 1998 study, a more northern boundary was associated with cooler SSTs and larger salmon with higher quality diets of squid in 1996 and 1998, while a more southern boundary current was associated with warmer SSTs and smaller salmon with lower quality diets of zooplankton in 1997 (Aydin et al. 2000) .
CONCLUSIONS
Although growth was measured on the scales of sockeye salmon that survived to maturity, densitydependent reductions in marine growth were detected in all marine life-history stages. The threshold analysis of the 74 yr time series on growth and abundance indicates that the density-dependent growth of sockeye salmon varied with climate, population abundance, and body size. The finding that growth was negatively related to sockeye salmon abundance during the cool regime and lower abundance levels and positively related to sockeye salmon abundance at higher abundances during the warm regimes suggests that a shift to a cool regime or extremely warm regime at higher population levels may reduce the marine growth of salmon and increase competition for resources. 
